ABSTRACT
INTRODUCTION

It has been recently demonstrated that the director orientation in liquid crystals has complex dynamics
and that the laser trapping of spherical particles by tightly focused beams are, in fact, much more complex 2, 3 than usually modeled. These new theoretical developments could account for complex dynamical behavior of liquid crystal droplets upon laser trapping. 4 Figure 1 Fig. 1(a) ).
-7 Better understanding and eventually control over the complex dynamic behavior of liquid crystals can open new micro-photonic and photonic crystal applications where the liquid crystals are incorporated into complex three-dimensional (3D) structures and are subjected to high intensity irradiation of externally applied electric field. Molecular alignment of liquid crystals, though comparatively slow, yields in one of the highest optical nonlinearities and can be used for optical switching applications.
There is a continuing interest in doping liquid crystals by dyes for optically active applications. Molecular alignment of dye inside liquid crystal might enhance absorption. The orientational average of dipoles oriented at angle θ with the chosen direction (e.g., a linear light polarization) depends on a factor:
γ I ≡ cos(θ) 4 = 1 4π 2π 0 π 0 cos(θ) 4 sin(θ)dθdϕ,(1)
EXPERIMENTAL DETAILS
The polariscope image (obtained through the optically crossed polarizer and analyzer (see, Fig. 1(a) )) of nematic liquid crystal droplets dispersed in water resembles the Maltese cross. The Maltese cross ( Fig. 1(b) ) is given by the following intensity distribution (for details see the Appendix):
where, θ is the angle between the polarizer and the fast axis of a birefringent sample, ∆n = n e − n o is the birefringence, d is the thickness of sample, and λ is the wavelength of light used for imaging ( Fig. 1(b) In the case of radial droplets, it is impossible to measure the rotation frequency by the described method. Due to symmetry of molecular alignment, the Maltese cross intensity distribution does not depend on droplet's rotation. In order to measure the rotation frequency, the polarization change of the laser trapping beam after it passes through the droplet was analyzed ( Fig. 1(a) Fig. 1 ) can be expressed by circularly polarized components:
Thus, the power amplitude after the analyzer is expressed as:
here, '+' and '-' correspond to the x-and y-components of the measured power, respectively; c is the velocity of light, n the refractive index of at the focus, 0 the vacuum permittivity, and A is the focal area. The amplitude of the power after the analyzer oscillates at the angular frequency twice higher than the actual rotation frequency Ω of the particle, because the polarization plane is rotated onto itself after angle of π. Finally, the expression of experimentally measurable power transmission by analyzer is given as: Fig. 2(b) , we show the same dependence plotted against the diameter. Fig. 2(b) . Fig. 2(b) 
RESULTS AND DISCUSSION
A model describing a liquid crystal droplet as a birefringent plate (wave-plate) inserted into plane wave was used to determine the actual birefringence of the polar droplet and is given in Sec. 3.1. Section 3.2 shows difference of polariscope imaging for different liquid crystal materials and possibility to modify the internal molecular ordering in a step-like (spontaneous) fashion (Sec. 3.3). Three-photon absorption of dye-doped nematic liquid crystal droplet is discussed in Sec. 3.4.
Birefringence determination of polar-5CB droplets
φ rot [degrees] = 45 • − 90 • λ ∆nd,(5)
Figure 2(a) shows the dependence of laser power on polarization angle for droplets of different diameters (the ellipticity of a laser trapping beam was determined without the droplet in the optical path before experiments with droplets). With increasing laser power, the polarization angle increased and was fitted by a linear function as would be expected for a wave-plate. In
It can be seen that the linear fits (in (b)) does not follow eqn. 5. The most important departure from theory is the y-intercept angle, which is not 45 degrees (Fig. 2(c)). The slope (b), however, was approximately the same. Figure 2(d) shows the effective birefringence of liquid crystal droplets determined from slopes in
Here, liquid crystal droplets were approximated by planar plates (disks) having the thickness equal to the droplet's diameter and the focused laser beam is assumed to be a plane wave. Obviously, it is an over simplified approximation, especially for tightly focused laser beams. This is also evidenced by the line 0 mW (in
Molecular alignment of liquid crystal droplets
Nematic liquid crystal is self-organized into droplets of 0.5-4 µm diameter when dispersed in water. Most of the droplets possess a polar-like structure of internal molecular arrangement due to the an anchoring effect (shown schematically in Fig. 3(a) (Fig. 3) . The dark regions correspond to those areas where the passing light was least scattered, and vice versa, the brightest ones where the scattering was strongest. However, the distinction between the polar and radial structures is not straightforward from such imaging. As it is schematically shown in Fig. 3(a) ,
the both molecular alignments cause similar iconoscopic images. Further distinction on the internal molecular arrangement can be done on the basis of the response of a LC droplet to a laser manipulation. The underlaying mechanism of the response can be understood in terms of a birefringence of the droplet. If the structure of LC droplet is radial the birefringence is negligible and the droplet will not acquire angular momentum from the circularly polarized trapping beam (a momentum ofh is carried by a photon of circularly polarized light). The birefringent particles with a polar internal structure can be efficiently laser manipulated. Sometimes, when laser beam is irradiated on the droplet, its azimuthal orientation is such that the droplet is not polar in the focal plane, however, such orientation is metastable and typically within a few tens-of-milliseconds the droplets of 2-5 µm are re-oriented to a stable trapping position with the director of the droplet aligned perpendicularly to the propagation of trapping laser beam at the focal plane.
The particles with the polar orientation can be easily laser manipulated, orientated to a preset angle or spined by, respectively, linearly or circularly polarized laser beam. 8, 9 Once the polarization of a laser trap is set to a circular, nematic LC droplet begins to spin as can be visualized by a viscous drag of adjacent LC droplets.
Texture control of liquid crystals via optical alignment
When LC droplets cannot be orientated by changing the polarization of the light due to their internal close-toradial or irregular structure, the other phenomenon can be observed. Namely, an internal molecular re-orientation is taking place on a time scale of tens-of-minutes (Fig. 4). Since LC materials usually do not absorb at 1 µm the structural changes observed are caused by dipolic re-orientation rather than by the absorption-induced heating. There is an direct proof of non-thermal character of the internal re-structuring of LC droplets. Most of the LC materials undergo the phase transition from ordered to isotropic state, which is optically isotropic, at 100
• C, 
(for E-44 at 100 • C, CS-1017 -68.7 • C, CS-1023 -94 • C, CS-1029 -92 • C, and CS-4001 -86.6 • C). Once isotropic, the droplet do not rotate under circular polarization. However, for a nematic LC droplets partly ordered into a polar structure, the experiments did not show any changes in the rotation frequency over the time scale of more than an hour. This exclude heating and convection inside the LC droplet as being the cause of the internal molecular reorientation. The reorientation occurs as a result of dipole reordering in the electric field of the light.
Apparently, no causal dependence was found between the size of the LC droplets (2-5 µm) and the time required for their internal reordering. In SmC LC, the restructuring was found to take place non-monotonously (Fig. 4) . This is most likely related to the restructuring of the domains in the droplet. Usually, SmC LC material, which has a "book-shelf" order in the bulk, will preferentially self-arrange into a droplet with the radial-like internal structure in water. Droplets (Fig. 5(a) ). Upon laser trapping in a circularly polarized light the droplets spined. Since the MBAPB is a strong two-photon absorber at around 800 nm wavelength (2PA cross section is ∼ 1000 GM), it was interesting to explore a three photon absorbing property of this dye. Figure 5( (Fig. 7) can be presented as: 
Three-photon absorption in dye-doped E-44 liquid crystal droplet
where E in is the incident field and J n is the Jones matrix of the n th optical element. Transmission is then:
Jones matrix of analyzer oriented at an arbitrary angle θ is given by:
where J(0) and J(π/2) represents an analyzer whose transmission is maximum for the E-field oriented along x and y-axis, respectively.
In order to account for polarization changes when light is passing throughout a birefringent positive uniaxial material like E44 and 5CB (the refractive index of extraordinary beam being larger than that of ordinary,
n e > n o ), one needs to consider the orientation of a particle in the laboratory coordinate system xyz. Let us consider a normal incidence (perpendicularly to the optical axis of uniaxial positive material) comprising an angle θ, which is between the x-axis of laboratory coordinates and the "fast" axis (referred to as an axis of ordinary ray) as shown in Fig.7 . Jones matrix of a retarder in the crystal system of coordinates is given by: in ; i.e., the following calculus should be carried out: first, the incident light is transformed into coordinates of the birefringent crystal by rotation at an angle θ using rotation matrix given below, then, the phase difference is introduced as beam passes the retarder, and, finally, the rotation back into the laboratory coordinates should be accomplished (angle −θ) using the same rotation matrix:
Now we can calculate an optical transmission through our setup. For an imaging of a rotating droplet hold in a circularly polarized laser tweezers we used condenser illumination. An auxiliary confocal pinhole was set to measure an optical transmission modulation by a rotating droplet (Fig. 1) . Condenser illumination was passing through the polarizer, the droplet, and analyzer. Detected intensity can be calculated by:
where E in non−pol represents a non-polarized incident light and ⊥, denotes the optically crossed angular positions of retarders (polarizer-analyzer setup). In the case of a wave-plate (a birefringent plate as in Fig. 7 ) the eqn. 2 can be obtained form eq. 14:
I(θ, ∆n) = I 0 sin(2θ) 2 sin(π∆nd/λ).
